In this paper we present a theoretical study of the autoionization dynamics of high 2 P 1/2 npЈ͓3/2͔ 1 Rydbergs ͑with the principal quantum numbers nϭ100 -280͒ of Ar in weak homogeneous electric fields ͑Fϭ0.01 -1.0 V/cm͒, which were experimentally interrogated by time-resolved zero-electron kinetic energy ͑ZEKE͒ spectroscopy ͓M. Mühlpfordt and U. Even, J. Chem. Phys. 103, 4427 ͑1995͔͒, and which exhibit a marked dilution ͑i.e., ϳ2 orders of magnitude lengthening͒ of the lifetimes relative to those inferred on the basis of the n 3 scaling law for the spectral linewidths of the npЈ (nϭ12 -24) Rydbergs. The multichannel effective Hamiltonian ͑H eff ͒ with several doorway state͑s͒ ͑for excitation and decay͒ and pure escape states ͑for decay͒ was advanced and utilized to treat the dynamics of the mixed Stark manifold of the ZEKE Rydbergs. H eff of dimension 2nϪ1 is then constructed for a n Rydberg manifold using independent experimental information on the ͑l dependent͒ quantum defects ␦(l) and the ͑l, K, J dependent͒ decay widths, which are of the form ⌫ 0 (lKJ)/"nϪ␦(l͒… 3 , with ⌫ 0 (lKJ) being the decay widths constants. Here, l, K, and J are the azimuthal, the electronic and the total electronic angular momentum quantum numbers, respectively. Two coupling ranges are distinguished according to the strength of the reduced electric field
fests the normalization of the Rydberg orbital. 47 The total decay width of a hydrogenic nl Rydberg ͑where l is the azimuthal quantum number͒ is expected to be ⌫(n)ϭ⌫ 0 (l)/n 3 , where ⌫ 0 (l) is an l dependent decay width constant. The total decay width of a molecular or of an atomic (nlJ␣ ) Rydberg state ͑with an electronic angular momentum J and other quantum numbers ␣ ͒, characterized by the quantum defect ␦(l) ͑which essentially depends on l͒, is expected to be ⌫ lJ␣ ͑n͒ϭ⌫ 0 ͑lJ␣ ͒/ 3 , ͑1.1͒
where the effective principal quantum number is ϭ"n Ϫ␦͑l͒… and ⌫ 0 (lJ) is a ͑l and/or J and/or ␣ dependent͒ decay width constant. The dynamics of high (nϭ50 -300) molecular 24 -30 and atomic 31 Rydbergs, which was interrogated by time-resolved ZEKE ͑zero electron kinetic energy͒ spectroscopy [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] ͑and are referred to as ZEKE Rydbergs͒ provided evidence for the breakdown of the n 3 scaling law, Eq. ͑1.1͒, which is manifested by ͑a͒ Long lifetimes of ZEKE Rydbergs of NO. Reiser et al. 24 have observed high lying ͑within ϳ10 cm
Ϫ1
below the ionization potential͒, very long lived ͑ϳs lifetimes͒ Rydbergs of NO. Chupka 33, 34 pointed out that the lifetimes of these states are considerably longer than expected on the basis of n 3 scaling for the predissociative p series of NO. ͑b͒ The lifetime lengthening of ZEKE Rydbergs of large molecules. The lifetimes of the ZEKE Rydbergs (nϳ80 -250) of large molecules 26 -30 are longer by several ͑2-4͒ orders of magnitude than those expected on the basis of the n 3 scaling relations. Even, Bersohn and Levine 28 have established that the lifetimes of ZEKE Rydbergs (nտ80) of bis͑benzene͒ chromium ͑BBC͒ and of 1,4 diaza bicyclo ͓2,2,2͔ octane ͑DABCO͒ are longer by 2-3 orders of magnitude than those expected on the basis of Eq. ͑1.1͒. ͑c͒ The lifetime lengthening of ZEKE Rydbergs for various decay channels in atoms, diatomics, and large molecules. The lengthening effect is manifested for internal conversion, predissociation and autoionization in large molecules, 26 -30 for predissociation in diatomic molecules 24, 25 and for autoionization in atoms. 31, 48 These surprising characteristics of the dynamics of ZEKE Rydbergs triggered extensive theoretical activity. 28 -39 The electric field-induced coupling and mixing model advanced and developed by Chupka, 33, 34 Bordas et al. 35 Merkt and Zare 36 and Jortner and Bixon 37 provided an adequate physical picture for the lengthening of the lifetimes of the ZEKE Rydbergs. The energetic and dynamic implications of Stark mixing within high (nϭ50 -300) atomic and molecular ZEKE Rydbergs, which dominate their time-resolved dynamics, [33] [34] [35] [36] [37] are related to the Stark spectroscopy of both nonreactive and reactive (nϭ10 -20) Rydbergs. 4 -10 Experimental and theoretical studies 4 -7,10 of electric field mixing within nonreactive atomic Rydbergs provided a detailed picture of their Stark maps. In the context of energy-resolved observables for reactive atomic Rydbergs, 8, 9 impressive experimental 8, 9 and theoretical 8, 9 progress was made ͑using the Fano line shape formalism 13 and the quantum defect method 49 ͒ towards the understanding of the Stark absorption lineshapes of the autoionizing Rydbergs of Xe ͑8͒ and of Ar ͑9͒ . These line shapes 8, 9 provide information on the autoionization dynamics of (nϭ10 -20) atomic Rydbergs in an electric field. However, this significant energy-resolved information 8, 9 did not explicitly manifest the novel dynamic effects of lifetime lengthening, 24 -39 which was experimentally revealed in the time evolution of the ZEKE Rydbergs. Furthermore, it will be exceedingly difficult to explore the dynamics of high n ͑ϭ100-300͒ ZEKE Rydbergs by absorption lineshape studies, in view of spectral congestion effects. Accordingly, one has to resort to the new and interesting area of time-resolved interrogation of ZEKE Rydbergs, 24 -31 whose theoretical exploration for atomic autoionization constitutes the theme of this paper.
We pursued [37] [38] [39] the formal analogy between the coupling, accessibility, and decay of high Rydbergs in an external weak ͑Fϭ0.01 -1.0 V/cm͒ electric field and intramolecular coupling, excitation, and relaxation in a bound level structure. [50] [51] [52] [53] [54] [55] [56] [57] The effective Hamiltonian formalism was advanced 54 -57 to treat the dynamics of ultrahigh Rydbergs in a weak electric field. 37, 38 The theory provides a physical picture for the lifetime lengthening of high n Rydbergs in terms of a dilution of low l doorway and escape states within an inactive high l states manifold. The theoretical treatment utilizes as input data quantum defects and decay widths, which are extracted from experiment. From the point of view of general methodology, this approach, which rests on experimental spectroscopic information, is similar to the quantum defect method. 58 A central result emerging from the analysis is a unified description of the level structure and dynamics of molecular Rydberg predissociation and/or internal conversion and/or ͑vibrational or rotational͒ autoionization and of atomic Rydberg autoionization. The universality principle for the level structure and dynamics of high molecular and atomic ZEKE Rydbergs ͓see point ͑C͒ above͔ is borne out by the experimental observation of the lifetime lengthening of the one-photon excited autoionizing high Rydberg states of Ar first studied by Merkt. 31 These involve the transitions from the ground state 1 S 0 3 p 6 to the 2 P 1/2 nsЈ͓1/2͔ 1 and the 2 P 1/2 ndЈ͓3/ 2] 1 autoionizing series (nϭ85 -200), which converge to the upper spin-orbit ion state Ar ϩ ( 2 P 1/2 ). These states have lifetimes which are more than 50 times longer than those expected for the nsЈ and ndЈ states. 31 These long lifetimes of the ZEKE Rydbergs are attributed to the electric field induced mixing of the doorway states nsЈ and ndЈ within the inactive nl (lϾ3) manifold. 31, [33] [34] [35] [36] [37] [38] ͑For the jl coupling notation for the atomic states used herein, see Appendix A.͒ In this paper we present a theoretical study of the dynamics of the 2 P 1/2 npЈ͓3/2͔ 1 autoionizing ZEKE Rydbergs of Ar in weak electric fields, which were experimentally investigated by Mühlpfordt and Even in the accompanying paper 48 by one-photon excitation from the metastable 2 P 1/2 4s͓3/2͔ 2 level. Mühlpfordt and Even 48 reported a dramatic lifetime lengthening effect of the Ar ZEKE npЈ Rydbergs. A heuristic and admittedly oversimplified single channel analysis of their results will consider the npЈ state as doorway and escape state with the widths, Eq. ͑1.1͒, ⌫ p (n)ϭ2100/n 3 ͑cm Ϫ1 ͒. 48 ⌫ p (n) constitute a lower limit for the decay widths as the incorporation of ndЈ escape states ͑Secs. III and IV͒ will result in considerably larger widths. The upper limits for the decay lifetimes (n)ϭប/⌫ p (n) are then estimated 48 to be ͑120͒Ӎ4 ns and ͑200͒Ӎ20 ns. These estimates are lower by about 2 orders of magnitude than the experimental lifetimes 48 ͑e.g., by a numerical factor of ϳ110 for nϭ120 and of ϳ80 for nϭ200͒. This lifetime dilution effect for the npЈ ZEKE Rydberg series of Ar is qualitatively similar to the long decay lifetimes of ZEKE Rydbergs of the Ar atom nsЈ and ndЈ series 31 and of large molecules, 26 -30 providing further support for the universality of lifetime lengthening for atomic and molecular ZEKE Rydbergs.
The experimental data 31, 48 for the autoionization dynamics of the ZEKE Rydbergs of Ar will be confronted with the results of the theoretical study based on the multichannel effective Hamiltonian formalism. 37, 38 The gross features of the ZEKE spectra of the autoionizing npЈ series of Ar explored by Mühlpfordt and Even, 48 which reveal the lifetime dilution with an onset of the ZEKE peak ͑for delay times of tϭ200 -400 ns͒ at nӍ100 with a peak of the ZEKE spectrum around nӍ250, are qualitatively similar to those of the nsЈ and ndЈ series of Ar previously reported by Merkt. 31 The onset of the ZEKE spectrum ͑for a delay time of tϭ200 ns͒ was observed by Merkt 31 at nӍ70 -75 followed by a gradual increase towards higher n values, a broad peak at nӍ120 -180, and a sharp drop for nϾ180. The quantitative differences between the experimental results for the npЈ series 48 and those for the nsЈ and ndЈ series 31 may originate from extrinsic experimental conditions ͑e.g., different densities of positive ions existing in the two experiments͒, as well as from intrinsic effects, i.e., different doorway states in the two experiments. Our analysis will reveal that the gross features of the ZEKE spectra and the lifetime data for the npЈ series of Mühlpfordt and Even 48 are accounted for in terms of our multichannel effective Hamiltonian method for l mixing in a homogeneous electric field. 37, 38 The theory succeeds in accounting for some aspects of Merkt's data for the ndЈ series, i.e., the onset of effective mixing and the near-onset lifetimes. 31 However, the experimental lifetimes for higher n ͑Ӎ90͒ ndЈ Rydbergs are considerably longer than those predicted by us for l mixing, the discrepancy being presumably due to Rydberg-ion collisional induced (lm l ) mixing. 31, 36 We proceed to advance and apply the multichannel effective Hamiltonian formalism 37, 38 for the dynamics of autoionizing Rydbergs.
II. THEORY OF RYDBERG LEVEL STRUCTURE AND DYNAMICS
We shall specify the field-free level structure, the decay widths and the coupling for a high n Rydberg manifold͑s͒ in a weak external electric field. These data provide the input information for the theory of Rydberg dynamics within the framework of the multichannel effective Hamiltonian method.
Consider first the field-free states and their decay widths ͑Fig. 1͒. The relevant discrete level structure consists of low l states (lϭ0 -3), which penetrate the core, and a hydrogenic manifold of high l nonpenetrating states (lϾ3). A subset of the low l states constitute the doorway state͑s͒ for excitation. These doorway state͑s͒ are determined by the optical conditions, e.g., one-photon excitation, two-photon excitation or excitation from a metastable intermediate state.
All the low l states constitute the escape states for decay. The escape states are coupled to autoionization decay channels and are characterized by decay widths ͑Fig. 1͒. The distinction between the doorway and the escape states involves an important feature of the dynamic problem. The doorway state͑s͒ constitute a subset of the escape states. In general, there are ␣ doorway states ͉D␣͘ (␣ϭ1---␣) and ␤ϩ␣ escape states, which consist of ͉E␤͘ (␤ϭ1---␤) ''pure'' escape states and the doorway states ͉D␣͘ (␣ϭ1---␣). Finally, the high l ͑Ͼ3͒ hydrogenic states, which will be denoted by ͕͉L͖͘, are inactive in excitation and in decay. The mainly by the azimuthal quantum number l, while the zeroorder decay width constants ⌫ 0 ͑͒ are determined by the quantum numbers l, K, and J. [59] [60] [61] [62] [63] The decay widths given by the scaling law, Eq. ͑1.1͒, are ⌫ (n)ϭ⌫ 0 ()/(nϪ␦()) 3 . In the presence of a weak homogeneous electric field F, the Rydberg level structure and dynamics are determined by the effective Hamiltonian where H 0 is the diagonal field-free Hamiltonian for the discrete level structure with the energy levels E() which are obtained from the experimental quantum defects. H STARK ϭeFz is the Stark Hamiltonian, with the coupling between the ͕͉͖͘ states being determined by the appropriate selection rules. ⌫ is the decay matrix for all the ͕͉D␣͖͘ and ͕͉E␤͖͘ doorway and pure escape states. In general, ⌫ is off-diagonal. The diagonal matrix elements ⌫ (n) of ⌫ can be inferred for the distinct atomic lKJ states from the experimental line broadening data for the low n Rydbergs using the scaling law, Eq. ͑1.1͒. Intelligent guesses for the magnitude of the off-diagonal matrix elements of ⌫ can be obtained from the diagonal matrix elements and by invoking appropriate conservation rules, e.g., total angular momentum (J) conservation.
The effective Hamiltonian ͑2.1͒ can be diagonalized by a complex orthogonal transformation, resulting in the independently decaying levels of the system ͑Fig. 1͒
The ͑complex͒ eigenvalues of the system are
where E j are the energy levels and ␥ j the decay widths of the ͉ j͘ eigenstates. The essential input parameters required for the construction of the effective Hamiltonian at a constant field F are ͑i͒ the quantum defects ␦(D␣) and ␦(E␤), extracted from the Rydberg series energetics, and ͑ii͒ the decay width constants ⌫ 0 (D␣) and ⌫ 0 (E␤), obtained from the linewidths of the lower Rydberg levels. Thus our theoretical analysis of the dynamics of ultrahigh Rydbergs in weak electric fields rests on the utilization of experimental data. We shall be concerned with the optical excitation and the decay of the mixed level structure, Eq. ͑2.2͒, of a single high n or several high n manifold͑s͒ subjected to l mixing. To make contact with experiment we consider the excited-state total population probability P(t). This corresponds to the time-dependent population of the entire Rydberg manifold. For a broadband excitation of a sparse mixed level structure the time dependent population probability is 37, 38 P͑t ͒ϭ ͚
where ␣ is the transition amplitude for the excitation of the doorway state ͉D␣͘. We note in passing that no temporal coherence effects, i.e., quantum beats in the total decay probability are exhibited. 37 The coefficients of each exponential temporal decay term in P(t) involves a superposition of the amplitudes of the doorway states in ͉ j͘, Eq. ͑2.2͒. When more than one doorway state is effectively involved, energetic interference effects can be exhibited.
The theoretical result for P(t), 37, 38 Eq. ͑2.4͒, makes contact with reality, being related to the experimental observables interrogated by the time resolved ZEKE spectroscopy: [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] 48 ͑1͒ The ZEKE spectrum is given by the dependence of P(t) at a constant delay time t on the photon excitation energy. ͑2͒ The time-resolved total population probability corresponds to the delay time t dependence of P(t). ͑3͒ Lifetimes of ZEKE Rydbergs can be inferred from the time scales for the temporal decay and from the average lifetimes for the decay of P(t).
The two complementary conditions for the validity of Eq. ͑2.4͒ are ͑i͒ Energetic spread of a single Stark manifold. This is insured when ⌬ p Ͼ⌬W where ⌬Wϭ6Rn 2 (F/5.15ϫ10 9 ) is the energetic spread of the Rydberg manifold, i.e., ⌬Wϭ1.3ϫ10
Ϫ1 is the spectral width for conventional multimode lasers currently employed in these experiments. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] 48 This condition is obeyed for lower n values, e.g., for Fϭ0.05 V/cm nр220 ͑for ⌬ p ϭ0. Our calculations for the autoionization dynamics of Ar were performed as follows:
͑1͒ The construction of the multichannel effective Hamiltonian ͑Secs. III A and III B͒ for the autoionization of the Ar via the doorway states of the 2 P 1/2 npЈ͓3/2͔ 1 series ͑Sec. IV͒ and via the doorway states of the 2 P 1/2 ndЈ͓3/2͔ 1 series ͑Appendix B͒. ͑2͒ The analysis of the dynamics in the limit of strong mixing, which rests on the diagonal sum rule 54 -57 for the multichannel effective Hamiltonian. ͑3͒ The diagonalization of the effective Hamiltonian for nϭ50Ϫn resulting in the decay widths ␥ j and the ͑single͒ doorway states amplitudes a ␣ ( j) . The upper limit n¯of n was constrained by the onset of field-induced ionization 59 ͑in the background field F͒, which is given by (IPϪF 1/2 ), with
. Neglecting negligible tunneling effects in field ionization, 47 the upper limit of n is nϭ(R/F 1/2 ), being nϭ240 for Fϭ0.1 V/cm, nϭ280 for Fϭ0.05 V/cm and nϭ350 for Fϭ0.02 V/cm. ͑4͒ The calculation of P(t), Eq. ͑2.4͒.
III. THE DYNAMICS OF Ar AUTOIONIZATION

A. Input data
The construction of the effective Hamiltonian, Eq. ͑2.1͒ for the autoionization of Ar requires experimental information on the quantum defects and the decay widths parameters of the doorway and the other escape states, which correspond to the (lϭ0 -3) nsЈ, npЈ, ndЈ, and n f Ј manifolds. 62 for the ndЈ[3/2] 1 states of the heavier rare gases, we infer that for the relevant states of Ar: ͑i͒ The quantum defects are essentially determined by l, being only weakly dependent on K and J; ͑ii͒ The decay width constants for the 2 P 1/2 nsЈ͓1/2͔ 0 and for the 2 P 1/2 nsЈ͓1/2͔ 1 states do not strongly depend on K and J; ͑iii͒ The decay width constants for the 2 P 1/2 ndЈ͓K͔ J states strongly depend on K and J; ͑iv͒ The ⌫ 0 (ndЈ[3/2] 1 ) width parameters of Ar and Xe differ only by a numerical factor of ϳ0.89. The available experimental data for the quantum defects of Ar are taken from the works of Yoshino, 63 Radler and Berkowitz, 60,61 and Klar et al. 64 and from the present work ͑Table I͒. The available experimental data for the ⌫ 0 are taken from Klar et al., 64 Radler and Berkowitz, 60, 61 Wu et al., 62 and from the present work ͑Table I͒. In the absence of information, we have assumed that the ␦ and ⌫ 0 parameters for the npЈ [1/2] states were taken to be identical to those for 2 P 1/2 ndЈ͓3/2͔ 1 ͓point ͑i͔͒. The ⌫ 0 parameters for the ndЈ Jϭ2 and Jϭ3 states of Ar were inferred on the basis of point ͑iv͒ from the experimental ⌫ 0 data for Xe, 6 which were scaled by the numerical factor of 0.89. The quantum defect for the 2 P 1/2 n f Ј͓5/2͔ 2 series was taken from absorption ͑quadrupole͒ spectroscopy, 63 while ⌫ 0 , which is expected to be small for these weakly penetrating orbitals, was roughly estimated from the Rydberg spectroscopy of NO 15, 16 to be
. In Table I we summarize the input data for handling the autoionization dynamics of Ar.
B. Stark coupling
The selection rules for the Stark Hamiltonian H STARK ϭeFz are identical to those for dipole transitions. The selection rules in the jl coupling scheme are ⌬M ϭ0, ⌬Sϭ0, ⌬ jϭ0, ⌬Jϭ0,ϯ1 for ͉M ͉ϭ1 and ⌬Jϭϯ1 for M ϭ0, ͑3.1͒ ⌬Kϭ0,ϯ1, ⌬lϭϯ1.
Introducing the effective principal quantum number , the standard angular momentum algebra leads to the following matrix elements for the Stark coupling:
For a given value of the principal quantum number n one has a manifold of states of dimension 4nϪ2, which is mixed by the coupling. In the special case M ϭ0, due to the restricted selection rule ⌬Jϭϯ1 (⌬J 0), the manifold of states decomposes into two noninteracting submanifolds: Jϭl and Jϭlϯ1.
The radial matrix elements in Eq. ͑3.3͒ are evaluated for different quantum defects ͓which give l dependent effective principal quantum number ϭnϪ␦(lЈ)͔, using the formula of Edmonds et al.
͑3.4͒
where
The functions g (⌬) were tabulated by Edmonds et al. 65 The selection rules, Eq. ͑3.1͒, together with the experimental input information ͑Table I͒ and the matrix elements ͑3.2͒-͑3.4͒, enable the construction of the multichannel effective Hamiltonian. A single Rydberg manifold employed in our calculations ͑which will be referred to as a single n manifold͒, will be chosen to contain a set of zero-order states with the closest values. Such a single n manifold will be characterized as follows: ͑1͒ The nl hydrogenic states for the
Ϫ␦(l)͑mod1͔͒͒ doorway and escape states for which ␦(l) 0. These latter states correspond to the principal quan-
Armed with these results we proceed to explore the autoionization dynamics of the 2 P 1/2 npЈ͓3/2͔ 1 Rydberg states, which were studied by Mühlpfordt and Even. 48 The theoretical treatment of the autoionization of the 2 P 1/2 nsЈ͓1/2͔ 1 We shall focus on the dynamics of high Rydberg states, which are one-photon excited from the metastable 2 P 3/2 4s͓3/2͔ 2 state. 48 The selection rules dictate excitations to the following four npЈ and n f Ј series:
61,66,67
2 P 1/2 n f Ј͓5/2͔ 3 , and 2 P 1/2 n f Ј͓7/2͔ 3 . In the experimental spectrum of Even and Mühlpfordt, the two 2 P 1/2 npЈ͓3/2͔ 1 and
series are exhibited, 48 with similar amplitudes ͑i.e., the lowresolution amplitudes of the npЈ series are lower by a numerical factor of ϳ2 than those for the n f Ј series͒. However, the resonance widths are considerably different. While for the npЈ series the resonance widths are large ⌫ 0 (pЈ)ϭ2100 cm Ϫ1 , 48 the decay width parameters ⌫ 0 ( f Ј) of the weakly penetrating n f Ј series are small, i.e., ⌫ 0 ( f Ј)Շ100 cm Ϫ1 ͑Table I͒. Accordingly, the oscillator strength for the excitation of a n f Ј state is lower by more than 1-order-ofmagnitude than for the npЈ state with the same n, whereupon the overwhelming largest transition probability is to the 2 P 1/2 npЈ͓3/2͔ 1 series. For a given n manifold, the 2 P 1/2 npЈ͓3/2͔ 1 state constitutes the doorway state, as well as one of the escape states. The other relevant pure ͑low l͒ escape states are those states with lр3, which are coupled directly, or indirectly to the doorway state.
B. The effective Hamiltonian
The doorway state 2 P 1/2 npЈ͓3/2͔ 1 corresponds to a triplet manifold and we shall take its M ϭ0 component. The effective Hamiltonian matrix for this system couples the 2nϪ1 atomic states for which Jϭl and KϭlϮ1/2. Its schematic structure is represented in the form
The diagonal elements in Eq. ͑4.1͒ are designated by the corresponding atomic terms ͑in the jl coupling scheme͒. The selection rules, Eq. ͑3.1͒, determine the nonzero off-diagonal elements, which are represented by ᭚ in Eq. ͑4.1͒. The diagonal and nonzero off-diagonal elements of the effective Hamiltonian are obtained by using the following prescriptions:
͑1͒ Each of the first seven diagonal elements, which represent the doorway and escape states, is given by ϪR/ 2 Ϫ(i/2)⌫ 0 (lKJ)/ 3 with ϭnϪ[(2␦(l)mod1 Ϫ(␦(l))mod1͔. ͑2͒ All the other diagonal matrix elements, which represent the ͕͉L͖͘ submanifold, are given by ϪR/n 2 . ͑3͒ Each off diagonal element is given by Eqs. ͑3.2͒ and ͑3.3͒, which will be now expressed in an explicit form. 
͑4.2c͒
The radial matrix elements in Eq. ͑4.2͒ for large values of n and for finite quantum defects are obtained from Eqs. ͑3.4͒ and ͑3.4a͒ in the form
The effective Hamiltonian is constructed using prescriptions ͑1͒-͑3͒ and the data of Table I , together with Eqs. ͑4.2͒ and ͑4.3͒. H eff contains the entire contributions of H 0 and H STARK and the diagonal terms of the decay matrix (i/2)⌫ in Eq. ͑2.1͒. This effective Hamiltonian with the diagonal decay matrix neglects some possible coherent effects in the decay. These originate from the contribution of off-diagonal elements of ⌫, which are subjected to angular momentum conservation. We shall show in Sec. VII E that the contribution of these off-diagonal matrix elements to P(t) is small. We shall now apply the effective Hamiltonian formalism for the autoionization dynamics of the 2 P 1/2 nlЈ manifolds populated via the 2 P 1/2 npЈ͓3/2͔ 1 (M ϭ0) doorway state. We shall start with the limit of strong mixing, where the application of the diagonal sum rule for the effective Hamiltonian is sufficient to provide semiquantitative information on the dynamics and then proceed to the full diagonalization of the effective Hamiltonian.
C. Strong mixing
According to Eq. ͑4.1͒ we are concerned with the one doorway ͑and escape͒ state 2 P 1/2 npЈ͓3/2͔ 1 and with six pure escape states for each value of n. A cursory examination of the structure of H eff for the problem, together with the data of In Fig. 2 we present convenient plots of F(n,lЈ) vs n for the relevant ndЈ and npЈ series. As ␦(pЈ)͑mod1͒Ͼ␦(dЈ) F(n,lЈ) 
͑4.6͒
We can now utilize the diagonal sum rule 54 -56 for the condition of strong mixing, Eq. ͑4.6͒. The diagonal sum rule for the effective Hamiltonian, Eq. ͑4.1͒, is
where the sum on the RHS of Eq. ͑4.7͒ is taken over all the contributing doorway and escape states. In the limit of large n we can set
We note in passing that relations ͑4.7͒-͑4.9͒ are valid for all field strengths. In the limit of strong mixing democratic admixture of the decay widths of the doorway and escape states is exhibited among all the ͉ j͘ eigenstates. The average decay width ͗␥(n)͘ of each mixed state within a single n manifold is ͗␥(n)͘ϭ(2n) Ϫ1 ͚ j ␥ j . Accordingly, ͗␥(n)͘Ӎ⌫ 0 T /2n 4 and the average decay lifetime ͗ SM (n)͘ ϭប/͗␥(n)͘ for strong mixing ͑SM͒ is given by
The approximation ͑4.10͒ is expected to be valid for n and F values, which satisfy the condition F(n,lЈϭ1)տ3. In this strong mixing domain the population probability is approximately given by
From Eq. ͑4.9͒ and the data in Table I we obtain ⌫ 0 T ϭ19 100 cm
Ϫ1
. Making use of Eq. ͑4.7͒ we present in Fig. 3 the n dependence of ͗ SM (n)͘ in the strong mixing limit. We have also marked in Fig. 3 the onsets of the strong mixing limit for Fϭ0.02 -0.1 V/cm. The approximate n dependence of P SM (t) for a fixed t vs n, which represents the ZEKE spectra for tϭ200 ns and tϭ400 ns, are also presented in Fig. 3 .
Equations ͑4.10͒ and ͑4.11͒ provide a useful approximation for the ZEKE Rydberg dynamics for strong mixing. Nevertheless, these results are approximate and of somewhat limited applicability [F(n,pЈ)Ͼ3]. The decay lifetimes even in the strong mixing limit are not strictly exponential. More important, for weaker fields, i.e., F(n, pЈ)Ͻ1 a hierarchy of two time scales 38 is exhibited for the lifetimes, manifesting the failure of Eqs. ͑4.10͒ and ͑4.11͒. Thus, in the low range of F values, for relatively low nӍ100 and for short times, the theory has to be extended by the diagonalization of the effective Hamiltonian, Eq. ͑4.1͒
D. Calculations
We have diagonalized the multichannel effective Hamiltonian with the 2 P 1/2 npЈ͓3/2͔ 1 (M ϭ0) doorway state for single n manifolds using the input information of Secs. IV A, IV B and Table I. The calculations were performed for nϭ80 -280 and for Fϭ0.02 -1.0 V/cm. The following numerical data were obtained: ͑i͒ the energies E j of the ͕͉ j͖͘ states ͑Sec. II͒, ͑ii͒ the decay widths ␥ j and lifetimes j ϭប/␥ j of the ͕͉ j͖͘ states and ͑iii͒ the mixing coefficients ͉a ␣ ( j) ͉ 2 of the ͑single͒ doorway state ␣ϵnpЈ[3/2] 1 within all the ͉ j͘ states. From these data we have constructed the lifetime spectra ͑ j vs E j ͒, the accessibility spectra ͉͑a ␣ ( j) ͉ 2 vs E j ͒ and the lifetime-accessibility maps ͉͑a ␣ ( j) ͉ 2 vs j ͒. Typical results for the lifetime spectra and the accessibility spectra for the nϭ150 manifold at several electric fields are presented in Fig. 4 . Both the lifetime and the accessibility spectra reveal two branches, which manifest the structure of the coupling within the (2nϪ1) dimensional effective Hamiltonian. The coupling between the two submanifolds KϭlϪ1/2 and Kϭlϩ1/2 is weak, as compared to the intrasubmanifold coupling. Fig. 4͑a͒ , where the mixing of the dЈ escape states is already extensive, the minimum of j Ϸ100 ns at E j ϭϪ0.013 cm Ϫ1 reflects a residue of these dЈ states. Increasing the electric field to Fϭ0.1 V/cm ͓Fig. 4͑b͔͒, the npЈ mixing becomes strong ͓i.e., F(150,pЈ)ϭ7.5͔, with each of the two branches exhibiting three peaks which correspond ͑in the order of decreasing energy͒ to the two doorway and pure escape pЈ, the escape sЈ and the two escape ndЈ states. The lifetimes in the range of large amplitudes ͓Fig. 4͑b͔͒ start converging towards the average value of ͗ SM ͑150͒͘ϭ270 ns, Eq. ͑4.10͒. The n dependence of the lifetime ͗ SM (n)͘ in the strong mixing limit, Eq. ͑4.10͒, for nϭ100 -280 ( 2 P 1/2 npЈ[3/2] 1 doorway state͒. The points ͑᭝, ᭺, and छ͒ represent the numerical results for the ͑averaged͒ decay lifetimes for the decay of P(t) in the range tϭ200 -1000 ns, which were obtained from the diagonalization of the multichannel effective Hamiltonian ͑for Fϭ0.1, 0.05, and 0.02 V/cm͒. The perpendicular arrows mark the onsets of the strong mixing for different values of n ͑marked on the arrows͒. The insert shows the n dependence of the total population probability in the strong mixing limit for tϭ200 ns and tϭ400 ns. In Fig. 6 we portray the calculated time evolution of the population P(t) for Fϭ0.02, 0.05, and 0.1 V/cm over a range of n values nϭ100 -250. The time resolved decay curves at fixed F ͑Fig. 6͒ reveal a transition from a bimodal decay at lower n to long-time nonexponential decay at higher n, exhibiting the two coupling ranges:
FIG. 4. The lifetime and accessibility spectra for the nϭ150
Range ͑A͒. The range of the onset of effective coupling of the npЈ doorway and escape states, i.e., 0.7рF(n,pЈ)р2. ͓In this range the ndЈ escape states are quite effectively mixed, i.e., 1рF(n, dЈ)р4.͔ In this range ͑Fig. 6͒ we observe:
͑A1͒ Two distinct time scales for the decay. ͑A2͒ A short lifetime in the range of ϳ20-100 ns. These short decay times represent the residues of the npЈ doorway state ͓Figs. 4͑a͒ and 5͑a͔͒.
͑A3͒ A broad distribution of very long decay times, which corresponds to the ineffective mixing of the npЈ doorway and escape states ͑and of the ndЈ states͒ into the inactive ͕͉L͖͘ manifold. The average value ͗ LONG (n)͘ of the long lifetimes for a given value of n is expected to be considerably longer than the average value ͗ SM (n)͘, Eq. ͑4.10͒, for strong democratic mixing at this value of n, i.e., ͗ LONG (n)͘Ͼ͗(n)͘ for F(n,pЈ)р2. In this range we may set ͗ LONG (n)ϭ(n)͗ SM (n)͘, where (n)Ͼ1 ͑Ӎ2-5͒ is an ͑n dependent͒ numerical factor.
͑A4͒ ͗ LONG ͘ decreases with increasing n, reflecting more effective mixing.
Range ͑B͒. The strong mixing domain, i.e., F(n,pЈ)у3. In this domain of sufficiently high n, the two distinct time scales of range ͑A͒ collapse into a single long lifetime distribution, which exhibits ͑Fig. 6͒ ͑B1͒ A multiexponential slow decay with an average value ͗͘.
͑B2͒ That the average lifetimes ͗͘ are well represented by the strong mixing lifetimes ͗ SM (n)͘, Eq. ͑4.10͒. Figure 7 presents the average lifetimes ͗ LONG ͘ ͓range ͑A͔͒, and ͗͘ ͓range ͑B͔͒ calculated from the time domain tϭ200 -1000 ns. We also include in Fig. 7 the values of P(t) at tϭ600 ns, which are important to assess the experimental feasibility of the observation of these long lifetimes. For range ͑A͒ of the onset of effective coupling these average lifetimes represent the average ͗ LONG ͘ of the long decay component, which decrease with increasing n. In this lower n range ͑A͒ the amplitudes of the long-time component of P(t) ͓marked by P(tϭ600 ns͒ in Fig. 7͔ are rather low, i.e., P(tϭ600 ns͒р0.1, providing an experimental challenge from the observation of these very long lifetimes. For range ͑B͒ of strong mixing the lifetimes are nearly independent of F ͓see Fig. 7 where we have marked the onset of strong mixing F(n,pЈ)ϭ3͔. As is evident from Fig. 3 , the lifetimes in range ͑B͒, which are obtained from our numerical calculations of P(t), are well represented by the simple strong mixing result, Eq. ͑4.10͒.
Complementary information is obtained from the calculated ZEKE spectra, i.e., the P(t) values at fixed t vs n or vs the energy E ͑defined relative to IPϭ0͒. In Fig. 8 we present the calculated ZEKE spectra for several delay times ͑tϭ60, 200, and 400 ns͒ at several values of F. At short delay times ͑tϭ60 ns͒ a sharp rise of P(t) vs n is exhibited marking the transition from range A ͑i.e., the long-time low-amplitude component of range A͒ to range B, with increasing n. For longer delay times ͑tϭ200, 400 ns͒ the increase of P(t) spectra with increasing n is more gradual than for the short delays. For lower n values (nϭ100 -150) a marked dependence of the spectra on the electric field strength ͑Fϭ0.02 -0.1 V/cm͒ is exhibited with the spectrum moving towards lower n values and rising more gradually with increasing F. These effects manifest the movement of the onsets for effective mixing and for strong mixing towards lower n values with increasing F. For larger values of n ͑Ͼ150͒ the spectra are practically independent of the electric field strength ͓Fig. 8͑b͔͒, reaching the strong mixing region.
The electric field dependence of the temporal population P(t) vs t for a fixed value of n provides a complementary insight into the transition from range A to range B with increasing F ͑Fig. 9͒. For low field Fϭ0.02 V/cm [F(150,pЈ)ϭ1.5] P(t) is characterized by two distinct time scales, with a very long decay component ͗ LONG ͘Ӎ830 ns, which reflects effective, but weak mixing. With increasing F to 0.05 V/cm (Fϭ3.8), the strong mixing situation is realized with a single multiexponential decay component. Of course, the field-induced spectra ͓i.e., P(t) for fixed t and n vs F͔ will exhibit either an increase ͑at shorter tϽ600 ns͒ or a decrease ͑at tϾ600 ns͒ with increasing F. The electric field dependence of the average lifetimes, i.e., ͗ LONG ͘ for Fϭ0.02 V/cm and ͗͘ for other values of F in Fig. 9 reflects the shortening of the long lifetime with enhanced mixing. In the range Fу0.05 V/cm ͗͘ is weakly field dependent, converging to the value ͗ SM ͑150͒͘ϭ280 ns, Eq. ͑4.10͒ ͑see insert to Fig. 9͒ , as appropriate for the strong mixing limit.
E. A comment on coherence effects
In our calculations we have used the effective Hamiltonian with the diagonal decay matrix, neglecting the contribution of off-diagonal elements of ⌫. The nonvanishing offdiagonal matrix elements of ⌫ are subjected to angular momentum conservation. Thus finite off-diagonal terms will appear between pairs of lЈ[K] J (KϭlЈϮ1/2) states with the same value of lЈ(3рlЈр1). Nothing is known about these off-diagonal matrix elements of ⌫, so we make an intelligent guess for the upper limit of ͑the absolute values of͒ such elements expressed in terms of the diagonal elements, i.e., . Numerical calculations using the offdiagonal effective Hamiltonian revealed that the effect of these off-diagonal matrix elements is minor, e.g., for nϭ150 and 200 at Fϭ0.05 V/cm the change in P(t) is smaller than 5% for all values of t. This very weak coherence effect on the dynamics can be readily rationalized in terms of the diagonal sum rule, Eq. ͑4.7͒, in the strong mixing situation, Eq. ͑4.10͒. In the strong mixing limit the ͑average͒ decay times are independent of the off-diagonal elements of ⌫.
V. THEORY, EXPERIMENT, AND PERSPECTIVES
The predictions emerging from our theoretical analysis for the autoionization dynamics via the npЈ[3/2] 1 doorway states are ͑1͒ The identification of the onset of effective mixing and of range ͑A͒ (0.7рF(n,pЈ)р1.5). ͑2͒ The characterization of range ͑B͒ for strong mixing, i.e., F(n,pЈ)у3. ͑3͒ The characterization of a hierarchy of two time scales for the decay in range ͑A͒. ͑4͒ The prediction of a fast decay component in range ͑A͒, which manifests a residue of the npЈ doorway state. 
͑5͒
The prediction of a distribution of very long lifetimes, with an average value of ͗ LONG ͘ in range ͑A͒. ͗ LONG ͘ ͑for a fixed n manifold͒ exceeds ͑by a numerical factor of 2-5͒ the strong mixing diluted value ͗(n)͘, Eq.
͑4.10͒. ͗ LONG ͘ decreases with increasing n ͑at fixed F͒ and with increasing F ͑at fixed n͒ manifesting the enhancement of mixing.
͑6͒
The average lifetimes ͗(n)͘ in range ͑B͒, which originate from a democratic dilution of all the doorway and escape states, can be well accounted for by a simple analytic result, Eq. ͑4.10͒.
͑7͒
In range ͑B͒, ͗(n)͘ϰn 4 , increasing fast with increasing n. The F dependence of ͗(n)͘ ͑at fixed n͒ is very weak.
We shall confront our theoretical data for the ZEKE spectra and lifetimes ͑at fixed F͒ with the experimental results of Mühlpfordt and Even. 48 The main features for the theoretical ZEKE spectra ͑Fig. 10͒ are ͑i͒ The increase of the ZEKE signal ͑P(t) at fixed t͒ with increasing n ͑or E͒ at fixed F, manifesting a transition from range ͑A͒ ͑at lower n͒ to range ͑B͒ ͑at high n͒. ͑ii͒ The appearance of low energy tails in range ͑A͒, which are more pronounced at higher F. ͑iii͒ For the relevant F values range ͑A͒ spans a rather broad n ͑and E͒ domain, which has to be handled by our complete treatment. ͑iv͒ The F independent increase of the spectrum for large n marks the attainment of range ͑B͒. The experimental spectral data ͑at the delay time tϭ200 and FӍ0.1 V/cm͒ reproduced in Fig. 10 from the work of Mühlpfordt and Even 48 exhibit a gradual increase, with an indication of a low energy tail. Reasonable agreement is found between our theoretical results and the experimental data for the ZEKE spectra 48 for Fϭ0.1 -0.05 V/cm ͑Fig. 10͒. The main features of the theoretical lifetime data ͑Fig. 11͒ which are relevant for the analysis of the experimental data ͑at fixed F͒ are ͑i͒ In range ͑A͒ ͗ LONG (n)͘ considerably exceeds ͑see point ͑5͒ above͒ the strong mixing value ͗ SM (n)͘, Eq. ͑4.10͒. ͑ii͒ In range ͑A͒ ͗ LONG (n)͘ decreases with increasing n. ͑iii͒ In range ͑B͒ ͗(n)͘ increases with increasing n ͑i.e., ϰn 4 ͒. The experimental lifetime data (n), 48 at nр100, are below experimental resolution. An abrupt increase of the experimental (n) at nӍ120 to a large value of ͑120͒ϭ510 ns is exhibited, followed by a gradual increase of (n) vs n in the range nϭ120 -260. 48 These experimental data 48 are reproduced in Fig. 11 . The experimental lifetimes 48 in the high n range, nϭ190 -260, are compatible with our theoretical results for the strong mixing situation ͑Fig. 11͒. For the lower nϭ120 -150 values a large positive deviation of the experimental (n) data 48 from the strong mixing results is exhibited ͑Fig. 11͒. These high values of (n) (nϭ120 -150) are not inconsistent with the results of our analysis in range ͑A͒ for Fϭ0.05 V/cm ͑Fig. 11͒.
Our analysis of the experimental results of Mühlpfordt and Evken 48 provides the following conclusions. First, we identified the strong mixing regime where semiquantitative agreement between the experimental lifetime data and spectra and our theoretical predictions is obtained. Second, a tentative identification of range ͑A͒ in the ZEKE spectra and lifetimes for lower n(ϭ150 -120) values was accomplished. These results provide partial information pertaining to predictions ͑1͒, ͑2͒, ͑5͒-͑7͒. For the time being, predictions ͑3͒ and ͑4͒ were not subjected to an experimental test, as they require short-time resolved ͑ϳ10 ns͒ ZEKE spectroscopy, which has not yet been accomplished. From the theoretical point of view, our predictions, particularly those for range ͑A͒, require detailed experimental information on quantum defects ␦(l), which are mostly available, and for the width parameters ⌫ 0 (lKJ), which are scarce. Even for the extensively studied Xe atom these parameters, well known for the nsЈ states, 64 are unknown for the npЈ states and are known within uncertainty of Ϯ30% for the ndЈ states. 6 Thus the theoretical hunting ground is, at present, limited due to lack of input information for the construction of the effective Hamiltonian. Regarding our numerical procedure, we had diagonalized the effective Hamiltonian for a single n manifold. Two extensions are necessary. First, we have performed our calculations for the M ϭ0 component of the 2 P 1/2 npЈ͓3/2͔ 1 triplet state. The inclusion of the M ϭϮ1 components ͑with appropriate weights determined by experimental excitation conditions͒ should be performed. Second, this procedure, which disregards mixing between adjacent n manifolds, is valid, in principle, when FϽ1/ ␦(lЈ)͑mod1͒ for all the nlЈ doorway and escape states. We have shown, 38 on the basis of model calculations for a single doorway ͑and escape͒ state, that the effects of intermanifold mixing on the dynamics are small. Nevertheless, a detailed exploration of the dynamics of adjacent n manifolds will be of interest.
Our theoretical treatment provides a rather complete picture of the electric field induced dilution of the autoionization lifetimes. The dilution occurs for both the doorway state and the pure escape states within the ZEKE Rydberg manifold. The characteristics of the dilution are quantitatively different for ͗ LONG (n)͘ in range ͑A͒ and for ͗͘Ӎ͗ SM (n)͘ in range ͑B͒, as summarized by points ͑5͒ and ͑6͒. From the experimental point of view, one may attempt to adopt a simplified single channel analysis and consider a single escape state, which also constitutes the doorway state, i.e., the Ar npЈ [3/2] 1 state for the problem at hand. This approach is attractive to the experimentalist, as it involves the comparison between the lifetimes of lower n Rydbergs obtained from spectral line broadening and the lifetimes of ZEKE Rydbergs, as done by Merkt and by Mühlpfordt and Even for Ar 31, 48 and for large molecules. 28 This experimental dilution of the lifetime of a doorway ͑and escape͒ npЈ state in the strong mixing situation is D(n)ϭ͗ SM (n)͘/(npЈ), where ͗ SM (n)͘ is given by Eq. ͑4.10͒ and (npЈ)ϭn 3 ប/⌫ 0 (pЈ) with ⌫ 0 (pЈ)ϭ2100 cm Ϫ1 . 48 The dilution factor is D(n)ϭ2n⌫ 0 (pЈ)/⌫ 0 T , and making use of Eq. ͑4.9͒ we infer that
͑5.1͒
This dilution factor manifests the multichannel character of the dynamics, involving the decay widths of all the escape states. As the ratio
͑being of the order of ϳ0.11 for Ar autoionization via the npЈ doorway state͒, we expect that D(n)ϭ2nр2n. This result constitutes a generalization of the general considerations advanced by Chupka, 33, 34 Bordas et al., 35 and Merkt and Zare 36 who proposed that D(n)ϭ2n. We have focused on atomic ionization, however, the universality principle for ZEKE Rydberg coupling and dynamics implies that Eq. ͑5.1͒ ͑with an appropriate extension of the definition of the widths parameters to include other nonradiative channels͒ is applicable for atoms, molecules and clusters, where one expects that D(n)ϰn for the strong l mixing limit. [33] [34] [35] As the ratio of the widths parameters in Eq. ͑5.1͒ is expected to depend on the system, one expects that the system specificity of the dynamics will be manifested by the numerical proportionality factor in D(n). Searching for universal features of Rydberg ZEKE dynamics in atoms, molecules and clusters, we should focus on the strong mixing limit for which ͗ SM (n)͘ϭបn 4 /⌫ 0 T and P SM (t)Ӎexp(Ϫt⌫ 0 T /បn 4 ), where ⌫ 0 T is the sum of the widths parameters, and a numerical constant ͑e.g., ϭ2 for the present problem͒. These simple results establish the universal features of a one-parameter ͑i.e., (⌫ 0 T /)͒ description of the dynamics in the strong mixing limit ͑B͒. This conclusion is borne out by our detailed numerical calculations. On the other hand, the elucidation of the Rydberg ZEKE dynamics in range ͑A͒ requires a full-fledged diagonalization of the effective Hamiltonian. In this range only general qualitative information, i.e., the hierarchy of two time scales, can be inferred without numerical analysis. For a quantitative description of the dynamics in range ͑A͒, a detailed analysis based on the multichannel effective Hamiltonian is required.
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APPENDIX A: SPECTROSCOPIC NOTATION
The Rydberg states of the heavier rare gas atoms ͑Ar, Kr, and Xe͒ are best characterized by the jl coupling scheme. 68 -70 j is the total angular momentum of the ionic core, l is the orbital angular momentum of the Rydberg electron, K is the resultant angular momentum from the coupling of j and l. K is weakly coupled to the electron spin s to give the total angular momentum of the atom J. We consider one-photon excitation of the Rydberg manifold from the 1 S 0 3 p 6 ground state, which was experimen-tally studied by Merkt. 31 The selection rules dictate excitation to the two series:
2 P 1/2 nsЈ͓1/2͔ 1 and 2 P 1/2 ndЈ͓3/ 2] 1 . The asymptotic one-electron oscillator strengths 47 for hydrogenic orbitals for the 3p→ns excitation is 0.3 n Ϫ3 , while for the 3p→nd excitation it is 6.1 n Ϫ3 , with a ratio of oscillator strengths ͑at fixed n͒ being ϳ20 in favor of the 3 p→nd excitations. Thus the overwhelming transition probability is to the 2 P 1/2 ndЈ͓3/2͔ 1 series. 
The Stark couplings ͑denoted by ᭚͒ between l and lϩ1 ͑for ⌬Sϭ⌬M ϭ⌬ jϭ0͒ are given by Eqs. ͑4.2͒ and ͑4.3͒ and have the following forms:
For KϭlϪ1/2, JϭlϪ1 ͕⌬Kϭ⌬Jϭ⌬lϭ1͖: ͗l͉r͉Јlϩ1͘.
͑B4͒
The onsets of effective mixing, Eq. ͑4.4͒ and for strong mixing, Eq. ͑4.6͒, are lower for the ndЈ states than for the npЈ series ͑Fig. 2͒. Typical F(n,dЈ) data are summarized in Table II. In the limit of strong mixing (F(n,dЈ)Ͼ3) the average lifetime of a ZEKE n manifold accessible via the ndЈ doorway state is given by ͗ SM (n)͘ϭ2n
4 ប/⌫ 0 T , Eq. ͑4.10͒, with ⌫ 0 T ϭ40 800 cm Ϫ1 as obtained from Eq. ͑4.9͒ and the data of Table I for the effective Hamiltonian ͑B1͒. The limiting decay times are summarized in Table II . Numerical calculations performed by the diagonalization of the effective Hamiltonian for n values which correspond to range ͑A͒ ͑for a fixed value of F͒ resulted in the increase of the long time ͑low-amplitude͒ component ͗ LONG (n)͘ by a numerical factor of 2-5 relative to the limiting values of ͑a͒ An onset of the ZEKE spectrum ͑at the decay time t D ϭ200 ns͒ is exhibited at nӍ70 -75. 31, 72 This onset corresponds to average lifetimes 72 ͗͘Ӎ30-50 ns for nӍ75 -78. ͑b͒ A gradual increase of the amplitude of the ZEKE spectrum ͑t D ϭ200 ns͒ 31, 72 and of the lifetimes 72 towards higher n values is exhibited. For nӍ91 the average lifetime is ͗͘Ӎ250 ns. 72 ͑c͒ A broad peak in the ZEKE spectrum ͑t D ϭ200 ns͒ occurs at Ӎ120-180.
31,72
͑d͒ A sharp drop of the ZEKE spectrum at nϾ180 is exhibited. The amplitude of the ZEKE spectrum drops to zero at ⌬Eϭ3.2 cm Ϫ1 below IPϭ128 541.8 cm Ϫ1,72
i.e., at nϭ185. This energy shift is somewhat higher than expected for the field-induced shift of the ionization potential, i.e., ⌬E͑calculated͒ϭ1.9 cm Ϫ1 (n ϭ240) for Fϭ0.1 V/cm.
We can now confront Merkt's experimental results 31, 72 with our calculations. The experimental onset of long lifetimes at nϭ70 -75 ͓observation ͑a͔͒ is in agreement with our theory. According to the F(n,dЈ) data of Table II , the region nϭ70 -80 corresponds to the onset of effective mixing under Merkt's experimental conditions 31, 72 ͑Fϭ0.1 V/cm͒, with F(n,dЈ)ϭ0.3 -0.6, corresponding to the onset of range ͑A͒. For n values just above the onset of range ͑A͒ we expect that the ͑average͒ long lifetime is ͗ LONG ͑ n ͒͘ϭ͑ n ͒͗ SM ͑ n ͒͘,
͑B5͒
with the parameters (n)Ӎ3 -5. From Table II we then infer that ͗ LONG ͑70͒͘Ӎ20-30 ns and ͗ LONG ͑80͒͘Ӎ30-60 ns, in reasonable agreement with experimental data 72 near the threshold of range ͑A͒. This analysis does also provide a proper rationalization for the observation 31, 48, 72 that the onset of effective nd doorway state mixing ͑nӍ70 -80 at FӍ0.1 V/cm͒ is exhibited at lower values of n than for the npЈ doorway state mixing ͑nӍ100 at Fϭ0.1 V/cm͒. However, for the dynamics of autoionization via the 2 P 1/2 ndЈ͓3/2͔ 1 state, 31, 73 the agreement between theory and experiment ends here. Range ͑A͒ for effective mixing, according to Eqs. ͑4.4͒ and ͑4.6͒, is realized ͑for Fϭ0.1 V/cm͒ in the range nϭ80 -110 ͑Table II͒. In range ͑A͒ we expect ͗ LONG (n)͘ to decrease with increasing n. This prediction is in contrast with the experimental lifetime data 31, 72 where the experimental ͗(n)͘ increases with increasing n ͓point ͑b͔͒ in the range nϭ75 -91. 31, 72 Furthermore, the experimental lifetimes for higher n Rydbergs in range ͑A͒ ͑point ͑b͒ above͒ are considerably longer than predicted on the basis of Eq. ͑B5͒ with (n)→1 for n→110. For example, for nϭ91 we expect ͑Table II͒ ͗ LONG ͑90͒͘Ӎ50-90 ns, which is considerably lower than the experimental estimate 72 ͗͑91͒͘Ӎ250 ns. This considerably longer experimental lifetime than that predicted on the basis of our theory for l mixing, may be due to lm l mixing, originating from ion-Rydberg collisions, as suggested by Merkt 31 and by Merkt and Zare. 36 Another interesting effect pertains to the electric field reduction of P(t) ͑fixed t͒, which is substantial for Fϭ1 -2 V/cm. 31 Our analysis for l mixing predicts a much smaller effect at considerably lower values of F ͑Ӎ0.01-0.1 V/cm͒. Our conclusions, which consider the dynamics of a single n manifold, are inconsistent with the quantitative features of Merkt's results. 31 It was suggested by Merkt and Zare 31, 36 that this electric field effect is due to (lm l ) mixing between adjacent n manifolds. We have shown 38 that for a single doorway ͑and escape͒ state the effects of intermanifold (l) mixing is small. A further theoretical exploration of the multichannel problem with several adjacent n manifolds will be undertaken. Of course, further experimental progress, in conjunction with further theoretical explorations, e.g., collisional effects proposed by Chupka, 33, 34 (lm l ) mixing induced by the electric field of ions already proposed by Merkt and Zare, 36 and (lm l ) mixing induced by magnetic field effects, will be of considerable interest.
